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Evidence that Axon-Derived Neuregulin
Promotes Oligodendrocyte Survival
in the Developing Rat Optic Nerve
lin-like growth factor-1 (IGF-1), or ciliary neurotrophic
factor (CNTF) (Barres et al., 1993), greatly decreases
this death in the nerve and thereby increases the number
of oligodendrocytes.
Although optic nerve astrocytes can produce these
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that the survival of oligodendrocytes in the developingDepartment of Biology
nerve depends on RGC axons (reviewed in Barres andUniversity College London
Raff, 1999). First, oligodendrocyte death selectively in-
London WC1E 6BT creases when the developing nerve is transected and
United Kingdom the axons degenerate (Barres et al., 1993). Second, puri-
†De´veloppement et Evolution fied dorsal root ganglion (DRG) neurons, but not culture
du Syste`me Nerveux, CNRS UMR 8542 medium conditioned by them, promote the survival of
Ecole Normale Supe´rieure purified oligodendrocytes, suggesting that the survival
75230 Paris Cedex 05 is mediated by axonal contact (Barres et al., 1993; Frost
France et al., 1999). This suggestion is supported by the findings
of Trapp et al. (1997) that the oligodendrocytes that
normally die in the developing rat brain are those that
fail to contact axons. Third, transgenic mice that expressSummary
a human bcl-2 gene in neurons and contain 80% more
axons in their optic nerve (because of decreased normalIt was previously shown that newly formed oligoden-
RGC death) contain a correspondingly increased num-drocytes depend on axons for their survival, but the
ber of oligodendrocytes, largely due to decreased oligo-nature of the axon-derived survival signal(s) remained
dendrocyte death (Burne et al., 1996). Together, theseunknown. We show here that neuregulin (NRG) sup-
observations support the hypothesis that oligodendro-ports the survival of purified oligodendrocytes and
cytes are overproduced and then culled in a competitionaged oligodendrocyte precursor cells (OPCs) but not for axon-dependent survival signals, which matches the
of young OPCs. We demonstrate that axons promote number of oligodendrocytes to the number and length
the survival of purified oligodendrocytes and that this of axons requiring myelination (Barres et al., 1993). The
effect is inhibited if NRG is neutralized. In the devel- nature of the axon-dependent survival signals has re-
oping rat optic nerve, we provide evidence that deliv- mained unknown. We provide evidence that NRG is one
ery of NRG decreases both normal oligodendrocyte of them.
death and the extra oligodendrocyte death induced by NRGs constitute a large family of proteins related to
nerve transection, whereas neutralization of endoge- epidermal growth factor (EGF). They occur in multiple
nous NRG increases the normal death. These results isoforms, some membrane bound and some soluble,
encoded by at least four genes, which are subject tosuggest that NRG is an axon-associated survival sig-
alternative RNA splicing. Each isoform has a distinctnal for developing oligodendrocytes.
spatial and temporal pattern of expression, but all con-
tain an EGF-like domain that is responsible for theirIntroduction
activity. They activate the ErbB family of receptor tyro-
sine kinases, which includes ErbB1 (the EGF receptor),We are interested in the general problem of how cell
ErbB2, ErbB3, and ErbB4 (reviewed by Burden and Yar-numbers are controlled during animal development. As
den, 1997, and Gassmann and Lemke, 1997). NRGs havea model system, we study how glial cell numbers are
multiple biological activities. The first (NRG-1) was iden-controlled in the developing optic nerve, a relatively sim-
tified as a potent mitogen for Schwann cells and as-ple part of the vertebrate central nervous system (CNS).
trocytes and was called glial growth factor (GGF) (RaffThe optic nerve contains the axons of retinal ganglion
et al., 1978a; Brockes et al., 1980). Subsequently, NRGscells (RGCs) as well as two major classes of macroglial
were independently purified as acetylcholine receptor–cells—astrocytes and oligodendrocytes. We have fo-
inducing activity (ARIA), neu differentiation factor, andcused on how oligodendrocyte numbers are controlled.
a mammary cell mitogen, heregulin (reviewed by Gass-Oligodendrocytes are postmitotic cells that develop mann and Lemke, 1997). Later, they were also shown
from proliferating precursor cells (Temple and Raff, to instruct neural crest cells to develop into Schwann
1986) that migrate into the optic nerve early in develop- cells and to promote the survival of immature Schwann
ment. Previous studies have shown that developing oli- cells (Dong et al., 1995; reviewed by Gassmann and
godendrocytes depend on extracellular signals to sur- Lemke, 1997). In the developing nervous system, NRGs
vive in culture, and at least 50% of them normally die seem to be mainly produced by neurons to signal to
in the developing rat optic nerve within 2–3 days after glial cells (Rio et al., 1997) and muscle cells (Falls et al.,
they differentiate (Barres et al., 1992). Experimentally 1993). Although NRGs are made by some glial cells in
increasing the levels of several factors, such as platelet- culture and following nerve injury (reviewed by Gass-
derived growth factor (PDGF) (Barres et al., 1992), insu- mann and Lemke, 1997; Raabe et al., 1998), there is
no evidence that glial cells make NRGs during normal
development (Meyer and Birchmeier, 1994; Corfas et‡ To whom correspondence should be addressed (e-mail: dmcbmar@
ucl.ac.uk). al., 1995; Eilam et al., 1998). Targeted disruption of the
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adding NT-3 and thyroid hormone (TH), as described
previously (Barres et al., 1994). Under these conditions,
.99% of the cells differentiated into oligodendrocytes
within 24 hr, attesting to the purity of the OPCs. After an
additional 4 days, the oligodendrocytes were removed
from the culture dish by trypsinization, replated in 96-
well culture plates with appropriate factors, and as-
sessed for viability with a 3-fluorochrome fluorescence
assay (see Experimental Procedures).
As previously described (Barres et al., 1992), in the
absence of added growth factors, the majority of the
purified oligodendrocytes died within 3 days (Figure 1)
with the characteristic morphology of apoptosis. We
tested potential survival factors at saturating concentra-
tions. The combination of NT-3, NRG (human recombi-
nant GGF-2), and high insulin (5 mg/ml), or high insulin
alone, strongly promoted survival for the 6 days of the
assay; NRG alone significantly promoted oligodendro-
cyte survival, although less well than high insulin (Figure
1). The survival-promoting activity of NRG was the same
at 200 ng/ml as at 20 ng/ml and when the oligodendro-Figure 1. Survival of Purified Oligodendrocytes In Vitro
cytes were maintained in culture for 9 days prior to the
OPCs were purified from P8 rat optic nerve and allowed to differenti- survival assay (data not shown). The survival effect ofate for 5–9 days in vitro in the presence of TH. Approximately 1000
NRG was detected in all conditions we tested, even inoligodendrocytes were plated in 100 ml of serum-free medium con-
the absence of forskolin and N-acetyl-L-cysteine (NAC)taining the combination of saturating concentrations of NT-3 (5 ng/
(data not shown). Thus, NRG is a survival factor forml), NRG (human recombinant GGF-2 at 200 ng/ml), and high insulin
oligodendrocytes in vitro.(5 mg/ml) (INS 1 NRG 1 NT-3), high insulin alone (INS), NRG alone
(NRG), or none of these factors (control). The percentage of viable
cells was assessed by a vital fluorescence assay based on the Effect of NRG on Young OPC Survival in Culture
simultaneous labeling of the cells with Calcein AM, Hoechst 33342, Purified P8 OPCs were expanded as above, trypsinized,
and propidium iodide. Results are shown as the mean 6 SEM of 4 replated in 96-well plates with the appropriate trophicwells of one experiment. The experiment was repeated five times
factors, and assayed for survival. In some cases, thewith similar results.
OPCs were used directly after purification; in others,
they were cultured for 1 week prior to the survival assay.
In the absence of added signaling molecules, OPCsgenes encoding NRG-1, ErbB2, ErbB3, or ErbB4 causes
maintained their typical bipolar morphology, but the ma-early cardiac failure and death in mouse embryos (re-
jority underwent apoptosis within 2 days (Figure 2).viewed by Burden and Yarden, 1997, and Gassmann
PDGF alone (data not shown) and high insulin aloneand Lemke, 1997; Britsch et al., 1998), which limits the
strongly promoted survival (Figure 2), as previously re-use of this approach to study NRG function in later
ported (Barres et al., 1992). NRG on its own (20 or 200development, although Morris et al. (1999) managed to
ng/ml), however, did not promote either survival (Fig-extend the survival time of ErbB2-deficient mice until
ure 2) or cell division (data not shown; Shi et al.,birth.
1998), even in the presence of forskolin and the cyclicPrevious results raise the possibility that NRG is an
AMP phosphodiesterase inhibitor isobutylmethylxan-axon-associated survival signal for optic nerve oligo-
thine (IBMX, 0.1 mM).dendrocytes. RGCs in developing and mature retina
make NRG-1 (Meyer and Birchmeier, 1994; Berming-
ham-McDonogh et al., 1996; Shi et al., 1998), and DRG Effect of NRG on Aged OPC Survival in Culture
We recently established long-term cultures of purifiedneurons express NRG-1 on their axons (Corfas et al.,
1995; Dong et al., 1995; Vartanian et al., 1997). Moreover, rat optic nerve OPCs by growing them in PDGF without
TH and passaging the proliferating cells at intervalsoligodendrocyte lineage cells express ErbB receptors
(Canoll et al., 1996; Raabe et al., 1997; Vartanian et al., (Tang et al., 2000). Under these conditions the precursor
cells mature and progressively adopt some of the char-1997; Shi et al., 1998). Here, we provide strong evidence
that NRG is a major signal used by RGC axons to pro- acteristics of OPCs isolated from adult rat optic nerve
(Tang et al., 2000). Although NRG failed to promote themote oligodendrocyte survival in the developing optic
nerve. We also show that NRG promotes the survival of survival of young OPCs (Figure 2), it strongly promoted
the survival of OPCs that had been maintained in cultureOPCs, but only after they have matured, suggesting
that developing OPCs can acquire NRG dependence by for more than 1 year and did so more effectively than
high insulin (Figure 3).either differentiation or maturation.
Results Effect of DRG Axons on Oligodendrocyte Survival
in Culture
To confirm that neurons can promote oligodendrocyteEffect of NRG on Oligodendrocyte Survival in Culture
OPCs purified from postnatal day 8 (P8) rat optic nerve survival in culture (Barres et al., 1993; Frost et al., 1999),
we set up cocultures of DRG explants and purified oligo-were expanded for 4 days in serum-free cultures con-
taining PDGF-AA and insulin. Oligodendrocyte differen- dendrocytes. We used DRG neurons rather than RGCs
because the survival of many of them can be supportedtiation was then induced by removing the PDGF and
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Figure 2. Survival of Purified Young OPCs In Vitro Figure 3. Survival of Aged Purified OPCs In Vitro
Purified P8 optic nerve OPCs were maintained in culture in PDGF-OPCs were purified from P8 rat optic nerve and expanded for 4–7
days in serum-free medium containing PDGF-AA (10 ng/ml), but no AA (10 ng/ml) without TH for 14 months with repeated passaging.
Approximately 1000 cells were plated as in Figure 2. The percentageTH. Approximately 1000 cells were plated in 100 ml of serum-free
medium containing the appropriate factors. The percentage of via- of viable cells was assessed as in Figure 1. Results are shown as
the mean 6 SEM of 3 wells in one experiment. The experiment wasble cells was assessed as in Figure 1. PDGF alone (data not shown)
and the combination high insulin (5 mg/ml), NRG (200 ng/ml), and repeated three times with similar results.
PDGF (INS 1 NRG 1 PDGF) had similar survival-promoting activity.
The cells surviving in the presence of high insulin alone (INS) differ-
entiated within 24 hr into oligodendrocytes because of the absence site of the ErbB4 receptor linked to the Fc region of
of PDGF (Barres et al., 1994). Results are shown as the mean 6 human a IgG1 immunoglobulin (ErbB4-Fc). Both mole-SEM of 3 wells of one experiment. The experiment was repeated
cules have been used previously to inhibit NRG activityfive times with similar results.
(Dong et al., 1995; Pollock et al., 1999). The effective
doses of anti-NRG and ErbB4-Fc were determined by
testing their ability to inhibit the proliferation of purifiedin vitro by nerve growth factor (NGF), which does not
Schwann cells induced by NRG (GGF-2 at 2 ng/ml);support the survival of oligodendrocytes (Barres et al.,
Schwann cell proliferation was assessed by bromo-1992); in contrast, a cocktail of survival factors is re-
deoxyuridine (BrdU) incorporation as previously de-quired for RGC survival (Meyer-Franke et al., 1995), and
scribed (Cheng et al., 1995, 1998). The same assay wassome of them also promote oligodendrocyte survival.
used to ensure that both neutralizing preparations con-Neonatal rat DRGs were cultured as explants. After 12
tained no NRG-like activity.days, freshly purified P8 OPCs were added and allowed
Although there was a clear dose-dependent inhibitoryto differentiate into oligodendrocytes (see Experimental
effect of ErbB4-Fc on Schwann cell proliferation in theProcedures).
range 0.3–3.0 mg/ml, increasing the concentration of theIn the absence of DRGs or added growth factors (ex-
fusion protein 20-fold did not increase the inhibition,cept NGF), the majority of the oligodendrocytes died
which was maximally 75% (Figure 4C). Both anti-NRGwithin 4 days, and all died within 6 days. When the same
and ErbB4-Fc inhibited oligodendrocyte survival pro-cells were grown under identical conditions but in the
moted by axons in the coculture system by over 60%presence of DRG neurons, most of the oligodendrocytes
(Figure 4A, 4B, and 4F). About the same concentrationsurvived for more than 2 weeks (Figures 4A, 4B, 4D, and
of these anti-NRG antibodies was shown previously to4E), confirming that DRG neurons promote the survival
inhibit the proliferation of olfactory bulb glial cells in-of oligodendrocytes (Barres et al., 1993; Frost et al.,
duced by astrocyte-conditioned medium (Pollock et al.,1999). Most of the surviving oligodendrocytes were in
1999). The inhibitory effects of anti-NRG and ErbB4-Fcclose contact with axons (Figure 4E), usually via short
were specific, as control immunoglobulins did not haveprocesses (Figure 4D), consistent with the possibility
any effect (Figure 4A) and the addition of exogenousthat the survival effect of axons is mediated by cell–cell
NRG completely neutralized the effect of the anti-NRGcontact (Barres et al., 1993; Trapp et al., 1997).
antibodies (Figure 4B). These results indicate that the
survival-promoting effect of DRG axons for oligodendro-
cytes in vitro depends to a large extent on NRG.Effect of Blocking NRG Signaling in DRG
Oligodendrocyte Cocultures
To determine whether the survival-promoting effect of Effect of Increasing NRG In Vivo
It has been shown that the great majority of apoptoticaxons on cultured oligodendrocytes depends on NRG,
we tested the effects of blocking NRG activity in the cells in the normal developing rat optic nerve are newly
formed oligodendrocytes (Barres et al., 1992). To deter-cocultures. We did this by adding either affinity-purified
rabbit anti-NRG antibodies (anti-NRG) or a soluble re- mine whether exogenous NRG could inhibit this normal
oligodendrocyte death in vivo, we delivered extra NRGcombinant fusion protein containing the NRG binding
Neuron
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Figure 4. Blocking NRG Signaling in DRG Oligodendrocyte Cocultures
Cocultures of purified oligodendrocytes and DRG explants were established in serum-free medium containing NGF, Ara-C, and TH. The
percentage of viable oligodendrocytes in contact with axons was assessed 3–4 days after the addition of the test molecules by labeling the
cells with Calcein AM.
(A) Effect of DRG axons on oligodendrocyte survival and the neutralization of this effect with anti-NRG antibodies (5 mg/ml) or ErbB4-Fc (60
mg/ml). Purified human IgG (HIgG; 60 mg/ml) and rabbit IgG (RIgG; 5 mg/ml) were used as controls for the ErbB4-Fc and anti-NRG, respectively.
Results are shown as the mean 6 SEM of 3 wells. Asterisk and double asterisk indicate a significant difference (p 5 0.032 and 0.035,
respectively) between DRG alone and the anti-NRG antibodies or ErbB4-Fc, when analyzed by Student’s t test. The experiment was repeated
four times with similar results.
(B) Neutralization of the anti-NRG effect by the addition of exogenous NRG. Anti-NRG antibodies and NRG were used at a final concentration
of 5 mg/ml and 680 ng/ml, respectively. Results are shown as the mean 6 SEM of 3 wells in one experiment. Asterisk indicates a significant
difference (p 5 0.0037) between DRG 1 anti-NRG and DRG 1 anti-NRG 1 NRG. The experiment was repeated three times with similar results.
(C) Effectiveness of anti-NRG and ErbB4-Fc in neutralizing the ability of NRG (GGF-2, 2 ng/ml) to stimulate BrdU incorporation by purified rat
Schwann cells. Both anti-NRG and ErbB4-Fc inhibited oligodendrocyte survival promoted by axons when used at the same concentrations
(5 mg/ml and 60 mg/ml, respectively) that inhibited BrdU uptake in Schwann cells. Results are shown as the mean 6 SD of 3 wells in one
experiment. The experiment was repeated twice with similar results. Cont, culture medium alone.
(D) High magnification view of a DRG oligodendrocyte coculture. Most of the surviving oligodendrocytes contact axons via processes (arrows).
Scale bar, 50 mm.
(E) Low magnification view of a DRG oligodendrocyte coculture. Note that most of the surviving oligodendrocytes are in contact with axons
(arrow). Scale bar, 125 mm.
(F) DRG oligodendrocyte coculture 3 days after treatment with anti-NRG antibodies. Scale bar, 125 mm.
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mined in propidium iodide–labeled cryostat sections, as
previously described (Barres et al., 1992).
The average number of dead cells per optic nerve
section was decreased by about 50% in the animals
that had received injections of COS-7 cells expressing
NRG, compared to animals that were uninjected or that
received control COS-7 cells transfected with empty
vector (Figure 5A). By contrast, the average numbers of
mitotic figures per section were not significantly differ-
ent in control and test animals (data not shown). To
quantify the number of surviving oligodendrocytes in
the nerves, we stained the sections with the CC-1 mono-
clonal antibody, which specifically labels oligodendro-
cyte cell bodies in the normal developing rat optic nerve
(Lu et al., 2000). In nerves from animals injected with
control COS cells, the average number of CC-11 cells
per section was 58%, whereas in nerves from animals
injected with NRG-transfected COS cells, it was 76%
(Figure 5B). Thus, unless the NRG-transfected COS cells
decreased the total numbers of cells in the optic nerve,
which seems highly unlikely, the extra NRG significantly
increased the number of oligodendrocytes in the nerve.
These finding show that NRG can promote oligodendro-
cyte survival in vivo and that NRG is normally present
in limiting amounts in the developing optic nerve.
Effect of Inhibiting NRG Action In Vivo
To test whether NRG normally plays a role in promoting
the survival of oligodendrocytes in the developing optic
nerve, we studied the effect of inhibiting NRG action in
vivo. We delivered ErbB4-Fc to the developing CNS by
Figure 5. Effect of Increasing or Decreasing NRG Action in the De- implanting into the brain of P7 rats COS-7 cells that
veloping CNS were transiently transfected with ErbB4-Fc cDNA. After
COS-7 cells were transiently transfected either with a plasmid ex- 4 days, we determined the number of dead cells in frozen
pression vector encoding rat NRG or ErbB4-Fc or with an empty sections of the optic nerve.
vector. The cells were injected into the subarachnoid space of P7 The average number of dead cells per optic nerve
rats, and the optic nerves were examined at P11 by sectioning and
section was increased by more than 70% in animals thatstaining with either propidium iodide or propidum iodide plus the
received injections of COS-7 cells expressing ErbB4-CC-1 monoclonal antibody.
Fc compared to animals that were uninjected or that(A) The number of dead cells per optic nerve section was determined
received control COS-7 cells (Figure 5). The averagein animals that received either no cells (control), NRG-transfected
COS-7 cells (NRG), ErbB4-Fc-transfected COS-7 cells (ErbB4-Fc), number of mitotic figures per section, by contrast, was
or COS-7 cells transfected with empty vector (mock). Results are similar in control and test animals (data not shown).
shown as the mean 6 SD of eight control animals, four NRG animals, Similar results were found when the COS-7 cells were
ten ErbB4-Fc animals, and four control-transfected COS-7 animals. injected into the vitreous of the eye (data not shown).
Asterisk and double asterisk indicate a significant difference (p 5 It is unlikely that the death-promoting activity of ErbB4-
0.0027 and 0.0002, respectively) between the empty vector and the
Fc was indirect via an effect on RGCs, as it has beenNRG- and ErbB4-Fc-transfected COS-7 cells.
shown that NRG does not support the survival of P10(B) The percentage of CC-11 oligodendrocytes in the optic nerve
RGCs (Bermingham-McDonogh et al., 1996). When sec-of the same animals as in (A), injected with NRG-transfected COS-7
tions were double labeled with propidium iodide to iden-cells or empty vector transfected COS-7 cells (mock). Results are
shown as mean 6 SD of four control and four NRG animals, in which tify apoptotic cells and anti-S100 antibodies to identify
2500–3000 cells were counted in ten optical fields. Asterisk indicates astrocytes (Boyes et al., 1986), 96% of the dead cells
a significant difference (p , 0.0001) between the empty vector and were S100 negative, as assessed in a confocal micro-
the NRG-transfected COS-7 cells. scope (data not shown). These findings are consistent
with the possibility that most of the dead cells belonged
to the oligodendrocyte cell lineage and that NRG
normally promotes the survival of oligodendrocytes ininto the developing rat CNS by implanting transfected
the developing rat optic nerve. The CC-1 monoclonalCOS-7 cells into the brain subarachnoid space of P7
stained only a minority of the dead oligodendrocytes inrats. The COS-7 cells were transiently transfected with
the normal P7 optic nerve and so could not be used toa cDNA encoding a secreted form of NRG. It was shown
identify the dead cells in these experiments.previously that monoclonal antibodies secreted by hy-
bridoma cells injected in this way are delivered into the
postnatal optic nerve within 2 days (Barres et al., 1992). Effect of Increasing NRG after Optic
In a few cases, we injected the COS-7 cells directly into Nerve Transection
the vitreous of the eye with similar results. Four days If NRG is an axon-associated survival factor for oligo-
after the cell implantation, the animals were killed, and dendrocytes, then exogenous NRG should inhibit the
extra oligodendrocyte deaths seen after optic nervethe number of dead cells in the optic nerve was deter-
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the signaling molecules that axons use to promote the
survival of oligodendrocytes in the developing rat optic
nerve. Our results strongly suggest that this is the case.
NRG Promotes the Survival of Oligodendrocytes
and Aged OPCs in Culture
Previous studies of NRG survival effects on OPCs in
vitro have produced conflicting results. In all these cases
the OPCs were enriched by shake off from mixed cell
cultures prepared from neonatal rat brain. Vartanian et
al. (1994) tested the cells soon after shake off and found
that NRG promoted differentiation but not proliferation
or survival. In contrast, Canoll et al. (1996, 1999) studied
OPCs that were passaged at least six times before use
and found that NRG promoted both proliferation and
survival. Raabe et al. (1997, 1998) allowed OPCs to dif-
ferentiate soon after shake off and found that NRG pro-
moted the survival of the newly formed oligodendro-
cytes.
We have used purified P8 optic nerve OPCs that either
Figure 6. Effect on Cell Death of Increasing NRG in Transected are allowed to differentiate in the absence of PDGF but
Optic Nerves in the presence of TH or are cultured for several days
COS-7 cells that had been transiently transfected with an empty or for more than a year in PDGF without TH. This has
vector (mock) or a vector encoding rat NRG were injected into the allowed us to determine the survival activity of NRG
subarachnoid space of P7 rats. The left optic nerve was transected on oligodendrocyte lineage cells at different stages of
1 day later, and 4 days later (P12) optic nerve sections were stained
maturation and differentiation. Our results reconcile theas in Figure 5. The numbers of dead cells per section were deter-
findings of the previously published reports. In agree-mined in uncut nerves of animals that received no cells (control),
ment with Vartanian et al. (1994), we find that NRG inand in cut nerves of animals that received no cells (cut), NRG-
vitro does not promote the survival of young OPCs, whiletransfected COS-7 cells (cut 1 NRG), or empty vector transfected
COS-7 cells (cut 1 mock). Results are shown as the mean 6 SEM of in agreement with Canoll et al. (1996, 1999), we find that
five animals. Asterisk indicates a significant difference (p , 0.0001) NRG strongly promotes the survival of OPCs that have
between the cut nerves in animals that received NRG COS-7 cells matured in culture. Finally, we confirm the findings of
and the cut nerves in animals that received empty vector transfected Raabe et al. (1997, 1998) that NRG promotes the survival
COS-7 cells. of oligodendrocytes in vitro.
The observation that NRG supports the survival of
aged, but not young, OPCs suggests that OPCs can
transection (Barres et al., 1993). To test this possibility, acquire NRG dependence by either maturation or differ-
we implanted NRG-transfected COS-7 cells into the entiation. It also raises the possibility that NRG normally
brain of P7 rats as described above. One day later, we helps support the survival of the OPCs present in the
cut the left optic nerve. After an additional 4 days, we adult optic nerve (ffrench-Constant and Raff, 1986;
determined the number of dead cells in cryostat sections Wolswijk and Noble, 1989). Consistent with this possibil-
of the optic nerve. ity, it has been shown previously that adult RGCs ex-
As previously shown (Barres et al., 1993), the average press NRG (Meyer and Birchmeier, 1994; Bermingham-
number of dead cells per section of optic nerve was McDonogh et al., 1996), and OPCs in the adult optic
increased about 7-fold by nerve transection (Figure 6). nerve make contact with RGC axons at nodes of Ranvier
Previous studies showed that most of the extra deaths (Fulton et al., 1992; Butt et al., 1999).
were in oligodendrocytes (Barres et al., 1993). The in-
crease in the number of dead cells in cut nerves was DRG Axons Promote Oligodendrocyte Survival
only about 2-fold, however, in animals that received In Vitro Largely through NRG
NRG-secreting COS-7 cells; by contrast, control COS-7 It was shown previously that DRG neurons promote the
cells had only a small protective effect (Figure 6). These survival of purified oligodendrocytes in culture (Barres
results indicate that NRG delivery prevented 85% of the et al., 1993; Frost et al., 1999). Here, we confirm these
cell death induced by nerve transection. Immunofluores- findings. DRG neurons promote the survival of purified
cence labeling with a monoclonal anti-neurofilament an- oligodendrocytes for at least 14 days in vitro, which
tibody indicated that the axons had degenerated to the is the longest period we have examined. Most of the
same extent in the transected nerves in both controls surviving oligodendrocytes extend processes that con-
and NRG-treated animals (data not shown), suggesting tact DRG axons, consistent with the possibility that the
that the extra NRG did not decrease glial cell death in axonal survival signal(s) is associated with the surface
cut nerves by inhibiting axonal degeneration. Thus, NRG of the axon. We have used affinity-purified anti-NRG
can apparently prevent many of the extra oligodendro- antibodies and a soluble fusion protein containing the
cyte cell deaths caused by nerve transection. NRG binding site of the ErbB4 receptor linked to an Ig
Fc region (ErbB4-Fc) to inactivate NRG in the cocultures.
Discussion Both reagents inhibit the survival-promoting effect of
DRG axons on oligodendrocytes, suggesting that NRG
is one of the major survival signals associated with theIn the present study, we have combined in vitro and in
vivo experiments to investigate whether NRG is one of axons. It was previously shown using a similar approach
Neuregulin and Oligodendrocyte Survival
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that DRG neurons promote the survival of Schwann cell growth factor (Shelly et al., 1998). There is no evidence,
however, that RGCs produce such factors. EGF itself isprecursors in culture and that this interaction also de-
pends in part on NRG (Dong et al., 1995). unlikely to be a relevant target, as it does not promote
the survival of oligodendrocytes or their precursors in
culture (Barres et al., 1992), and the other known EGFNRG Promotes Oligodendrocyte Survival
family members do not bind to ErbB4 with high affinityin the Developing Optic Nerve
(Shelly et al., 1998). Moreover, although we cannot ex-As reviewed in the Introduction, there is compelling evi-
clude the possibility that the ErbB4-Fc is acting on NRGdence that the survival of oligodendrocytes in the devel-
produced by glial cells rather than by RGCs, severaloping optic nerve depends on RGC axons (reviewed in
studies have failed to find NRG mRNA in CNS glial cellsBarres and Raff, 1999), but the molecular basis of this
by in situ hybridization (Meyer and Birchmeier, 1994;dependence was unknown. RGC axons support oligo-
Corfas et al., 1995; Eilam et al., 1998).dendrocyte survival in the nerve even when they are
Previous studies demonstrated that NRG inhibitselectrically silenced by an injection of tetrodotoxin into
axotomy-induced death of newly formed Schwann cells.the eye or are disconnected from their parent cell body
Moreover, gene disruption experiments indicate thatin WLDs mutant mice (Barres et al., 1993), where the
Schwann cells depend on NRG for their developmentdistal stump of transected axons can survive for an ab-
in embryonic peripheral nerves (reviewed in Gassmannnormally long time (Perry et al., 1991). As RGCs make NRG
and Lemke, 1997; Britsch et al., 1998; Morris et al., 1999).(Meyer and Birchmeier, 1994; Bermingham-McDonogh
Thus, NRG is implicated in the development of myelinat-et al., 1996; Shi et al., 1998), and NRG promotes oligo-
ing cells in both the developing PNS and CNS. NRGsdendrocyte survival in culture (Raabe et al., 1997, 1998;
promote various aspects of Schwann cell development,this study), and the ability of DRGs to promote oligoden-
including survival and proliferation, and it may be thatdrocyte survival in vitro largely depends on NRG (this
they also promote various aspects of oligodendrocytestudy), NRG seemed a strong candidate to be one of the
development. NRG, for example, is required for oli-signals used by RGC axons to promote oligodendrocyte
godendrocyte development in explants of embryonicsurvival in the developing optic nerve.
spinal cord (Vartanian et al., 1999).Three of our present findings in vivo strongly support
NRG is unlikely to be the only neuron-derived signalthis possibility. First, the delivery of extra NRG to the
that promotes oligodendrocyte survival in the devel-developing CNS decreases the amount of normal cell
oping CNS, as antibodies directed against a6b1 integrindeath in the optic nerve by about 50% and increases
on the surface of oligodendrocytes inhibit the survival-the proportion of oligodendrocytes. As 90% of the dead
promoting effects of DRG neurons in DRG oligodendro-cells in the nerve at this age seem to be oligodendro-
cyte cocultures (Frost et al., 1999). The nature of thecytes (the other 10% being OPCs) (Barres et al., 1992),
putative neuron-derived ligand recognized by the inte-many of the saved cells must have been oligodendro-
grin is unknown, but laminin-2 is a strong candidatecytes. Thus, NRG can promote oligodendrocyte survival
(Frost et al., 1999). Moreover, in addition to neurons,in vivo and the concentration of extracellular NRG in the
astrocytes also make cytokines and growth factors thatnormal developing optic nerve is subsaturating. Second,
can promote the survival of oligodendrocyte lineagethe delivery of NRG to a transected developing optic
cells both in vitro and in vivo (Barres et al., 1992, 1993,nerve prevents 85% of the cell death induced by the
1994). The relative importance of these factors in pro-transection. As most of the extra cells that die in a
moting the survival of oligodendrocytes in the devel-transected developing optic nerve seem to be oligoden-
oping optic nerve is uncertain. One possibility is thatdrocytes (Barres et al., 1993), our finding indicates that
newly formed oligodendrocytes depend for their survivalNRG can substitute for axons in supporting oligodendro-
mainly on astrocyte-derived factors such as PDGF,cyte survival in the developing nerve. Third, and most
whereas more mature oligodendrocytes depend mainlyimportant, inactivation of NRG in the developing CNS
on axon-derived factors such as NRG. PDGF, for exam-by the delivery of ErbB4-Fc increases cell death in the
ple, promotes the survival of newly formed oligodendro-optic nerve by more than 70%. Although we have not
cytes (Barres et. al., 1992), but the cells quickly losedirectly identified the extra dead cells in these experi-
their PDGF receptors (Hart et al., 1989) and so can noments, less than 5% of them are stained with anti-S100
longer respond (Barres et al., 1992). Future studies thatantibodies, which makes it unlikely that the extra dead
inactivate the factors individually and in various combi-cells are astrocytes (Boyes et al., 1986) and likely that
nations will ultimately be required to sort out their rela-most of them belong to the oligodendrocyte lineage. As
tive contributions to oligodendrocyte survival in vivo.NRG promotes the survival of purified oligodendrocytes
but not purified OPCs from this age optic nerve (this
study), it seems very likely that most of the extra dead Experimental Procedures
cells following ErbB4-Fc treatment are oligodendro-
cytes rather than OPCs. As the ErbB4-Fc cannot com- Animals and Reagents
Sprague–Dawley rats were obtained from the University Collegepletely neutralize the proliferative effect of NRG on
London breeding colonies. All regents were from Sigma unless oth-Schwann cells in culture, 70% may be the maximum
erwise stated. Human recombinant NRG (GGF-2) was kindly pro-inhibition attainable with this reagent. If so, our in vivo
vided by M. Marchionni, Cambridge NeuroScience. Recombinantresults suggest that NRG is a major survival factor for
human b-NGF, human PDGF-AA, and human NT-3 were from Pepro-oligodendrocytes in the developing optic nerve.
Tech. Rabbit anti-S100b antibodies and the CC-1 monoclonal anti-
Although it seems probable that ErbB4-Fc in these body were purchased from Dako (Glostrup, Denmark) and Onco-
experiments is acting by inhibiting NRG, we cannot ex- gene Research Products (Boston, MA), respectively. The cDNA
clude the possibility that it is acting by inhibiting a related coding for rat NRG (rat 645aa NDFb4a-Flag in pcDNA3.1 vector)
growth factor that can also bind to ErbB4 with high was a gift from Steve Burden. The cDNA coding for ErbB4-Fc was
a gift from Yosef Yarden (Dong et al., 1995).affinity, such as b-cellulin or Heparin binding EGF-like
Neuron
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Purification and Culture of OPCs and Oligodendrocytes of viable oligodendrocytes in contact with axons was assessed 3–4
days later by labeling the cells with Calcein AM. OligodendrocytesP8 rat optic nerve OPCs were purified to greater than 99% homoge-
neity by sequential immunopanning as described previously (Barres at the edge of the culture well did not contact DRG axons and
were not counted. To avoid any cell proliferation in the assay, allet al., 1992). The purified cells were plated at low density in poly-D-
lysine (PDL)-coated culture plates (Falcon) in a serum-free medium, experiments were conducted in the presence of Ara-C, which had
no detectable toxic effect on the oligodendrocytes.which consisted of Dulbecco’s modified Eagle’s medium (DMEM)
containing various additives, including N-acetyl cysteine (NAC) and
forskolin (5 mM) (Barres et al., 1992), and in the presence of PDGF- Transient Transfection of COS-7 Cells with NRG
AA (10 ng/ml) and insulin at a concentration sufficient to activate or ErbB4-Fc cDNA
IGF-1 receptors (high insulin, 5 mg/ml). PDGF and insulin were used To deliver NRG or ErbB4-Fc into the developing rat CNS, transfected
at concentrations that were on the plateau of their dose response COS-7 cells were implanted into the subarachnoid space of the
curves (Barres et al., 1992). TH was omitted to avoid differentiation brain. Transiently transfected cells were used instead of stably
(Barres et al., 1994). Long-term cultures of OPCs (aged OPCs) were transfected lines, as cells transfected with empty vector could serve
established by culturing purified P8 OPCs in PDGF and high insulin, as an appropriate control and because the 293 cell line secreting
without TH, for 14 months, passaging the cells before they became ErbB4-Fc also produced factors that were mitogenic for Schwann
confluent (Tang et al., 2000). cells. Transient transfection of the COS-7 cells was performed using
Cells were identified as either oligodendrocytes or OPCs by their the Lipofectamine Plus reagent (GIBCO) or by electroporation with
characteristic morphologies (Temple and Raff, 1986) and by staining a Bio-Rad Gene Pulser II.
with a monoclonal anti-galactocerebroside antibody (Raff et al., Prior to implantation, supernatants of the transfected cells were
1978b) or A2B5 (Eisenbarth et al., 1979) monoclonal antibody, re- tested for biological activity on purified Schwann cells using a BrdU
spectively, as described previously (Barres et al., 1992). incorporation assay previously described (Cheng et al., 1995). The
supernatants of NRG-transfected COS-7 cells induced BrdU incor-
Fluorescence Viability Assay poration in Schwann cells, whereas supernatants of ErbB4-Fc-trans-
Approximately 700–1500 purified cells (young or aged OPCs, or fected COS-7 cells neutralized the ability of NRG to stimulate BrdU
oligodendrocytes) were plated in triplicate or quadruplicate in 96- incorporation in Schwann cells. The NRG supernatants were still
well plates (Falcon) in 100 ml of serum-free medium containing the maximally active when diluted 1:100, and the ErbB4-Fc supernatants
appropriate trophic factors. In some experiments (as described in were still maximally active when diluted 1:50.
Results), NAC and forskolin were omitted. The percentage of viable
cells was assessed by a vital fluorescence assay based on the
Implantation of COS-7 Cellssimultaneous labeling of the cells with Calcein AM (green fluores-
COS-7 cells transfected with empty vector, rat NRG cDNA, or ErbB4cence, Molecular Probes, Eugene, OR) to label live cells, Hoechst
were implanted into the brain subarachnoid space of P7 rats, as33342 (blue fluorescence) to label all nuclei, and propidium iodide
described previously (Barres et al., 1992). The rats were anaesthe-(red fluorescence) to label dead cells with a permeable plasma mem-
tized by an injection of a mixture of Fentanyl, Fluanisone, and Mida-brane. At high magnification, the three colors of the dyes could be
zolam, and 10 ml of a suspension of 3 3 106 cells was slowly injectedreadily distinguished using the same UV filter. The initial viability
at two sites through the frontal skull into the subarachnoid space,(day 0) was measured 2 hr after plating and was always between
using a 10 ml Hamilton syringe. The rats were killed after 4 or 5 days.80% and 95%.
Optic Nerve TransectionDRG Oligodendrocyte Cocultures
P8 rats were anaesthetized as described above, and an incisionDRGs were dissected from newborn rats and cultured as explants
was made in the left eyelid so that the eyeball could be gentlyon PDL- and mouse laminin-coated 96-well culture plates (Falcon)
retracted. The optic nerve was cut behind the globe with microscis-in 100 ml of a serum-free medium that consisted of Neurobasal
sors, and the incision was closed with 6–0 suture.medium (GIBCO) containing various additives and B27 supplement
(GIBCO), as described previously (Barres et al., 1993). High insulin
and NGF (100 ng/ml) were added to promote neuronal survival and Counting Apoptotic Cells in Cryostat Sections of Optic Nerve
axon outgrowth, and the antimitotic agent cytosine b-D-arabino- Frozen sections of optic nerve were prepared from P11 or P12 rats
furanoside (Ara-C, 1025 M) was added to prevent the proliferation and stained with propidium iodide to determine the number of dead
and migration of nonneuronal cells outside of the explant. The ex- cells as described previously (Barres et al., 1992; Burne et al., 1996).
plants were fed every 4 days with fresh medium. In these conditions, Only condensed or fragmented nuclei, which were also phase dark,
an extensive network of axons, without any nonneuronal cells (as were counted as dead, and only cells within the boundary of the
visualized by Calcein AM staining), developed in a few days. After glial-limiting membrane were considered. Statistical significance of
12 days, freshly purified P8 OPCs were added in Neurobasal medium differences was tested by Student’s t test.
containing NGF and 30 ng/ml of triiodothyronine and thyroxine (TH), Immunofluorescence staining of cryostat sections was performed
but no insulin. After 1 day, Ara-C was added to the cocultures. Under as described previously (Barres et al., 1992). Rabbit anti-S100 anti-
these conditions, the OPCs differentiated into oligodendrocytes in bodies (diluted 1:100) were used to identify astrocytes (Boyes et al.,
24–48 hr (Barres et al., 1994). After a total of 4 days, the medium 1986). Axonal degeneration was detected with the RT97 monoclonal
was removed and replaced with the same medium (NGF, Ara-C, anti-neurofilament antibody (ascites fluid, diluted 1:100; Wood and
and TH) containing the appropriate molecules to test in the survival Anderton, 1981). The CC-1 monoclonal antibody (diluted 1:50),
assay (see below). In a few cases, differentiated oligodendrocytes which recognizes the adenomatous polyposis coli (APC) protein,
were added directly on the explants, with similar results. was used to visualize optic nerve oligodendrocyte cell bodies (Lu
et al., 2000). The rabbit antibodies were detected with biotin-coupled
goat anti-rabbit immunoglobulin antibodies, followed by fluores-Neutralization of NRG In Vitro
Affinity-purified rabbit anti-neuregulin antibodies (anti-NRG), raised cein-coupled streptavidin (both from Amersham, diluted 1:100).
Mouse antibodies were detected with FITC-conjugated donkey anti-against a 20 amino acid peptide (QNYVMASFYSTSTPFLSLPE) cor-
responding to the carboxyl terminus of human heregulin b-3 (and mouse immunoglobulin F(ab9)2 fragment (Jackson ImmunoRe-
search, diluted 1:100). Sections were then stained with propidiumGGF-2), which includes a 9 amino acid sequence of the EGF domain,
were purchased from Santa Cruz. The recombinant fusion protein iodide (PI). The S100-stained sections were examined with an MRC-
600 laser-scanning confocal microscope. PI-labeled pyknotic nucleiErbB4-Fc was produced by a stably transfected 293 cell line (gift
from Yosef Yarden) and purified on a protein A and protein G column were examined in successive 1 mm sections to determine whether
or not they were positive for S100 labeling. The CC-1-stained sec-(Pierce). The purity of the ErbB4-Fc was checked by gel electropho-
resis. tions were analyzed with a SPOT cooled CCD 24 bit color digital
camera (Diagnostic Instruments) mounted on a Leica DMRB/E mi-Anti-NRG, ErbB4-Fc, and control immunoglobulin, or NRG was
added to the DRG oligodendrocyte cocultures, and the percentage croscope.
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